Cytomegalovirus (CMV) is a beta-herpesvirus, which is widespread in human populations and is a major cause of morbidity and mortality in individuals who are immunocompromised as a result of chemotherapy, malignancy, or acquired immunodeficiency syndrome (AIDS) [1] . CMV retinitis is the most common sight-threatening opportunistic infection observed in adult and pediatric patients who are immunosuppressed [2] [3] [4][5]. Although retinal necrosis is a prominent feature of CMV retinitis, apoptotic cells have been observed during microscopic examination of biopsy specimens of the eyes of patients with human cytomegalovirus (HCMV) retinitis [6, 7] and in the eyes of mice with murine cytomegalovirus (MCMV) retinitis [8, 9] . Autophagy, a process responsible for the transfer of intracellular components such as defective proteins, organelles [10] , and viral proteins [11] into lytic vacuolar compartments for degradation, is essential to maintain the amino acid pool, to prevent neurodegradation, to suppress tumors, and to regulate innate and adaptive immunity [12] [13] [14] [15] [16] [17] [18] . Previous studies performed by Chen et al. [19] and Reme et al. [20] have shown that autophagy is a basal cellular process occurring ubiquitously in RPE cells and is critical to the health of retinal pigment epithelial (RPE) cells under normal conditions in different species. RPE cells play a central role in HCMV retinitis [21, 22] , and these cells are also the first target of MCMV infection in vivo as described previously in our laboratory [2] . Therefore, RPE cells are a common model for investigating pathologic conditions during HCMV retinitis [23] [24] [25] .
virus infection by regulating cellular functions through the immune response, deposition of cellular compounds, and/ or cell death [28] . Recent studies have also emphasized the functional relationship between autophagy and apoptosis in a context-dependent fashion [29] . Autophagy can either be an adaption to avoid apoptosis or can lead to autophagic cell death [30] . Investigations of autophagy and apoptosis in virus-infected cells have contributed to our understanding of the role of autophagy and apoptosis in the pathogenesis of virus infection.
Chaumorcel et al. [1] have demonstrated that HCMV infection inhibits autophagy in infected fibroblasts at 24 h post-inoculation (p.i.), although accumulation of light chain 3B-II (LC3B-II) in MRC5 cells was shown with western blot at 24 h and 48 h p.i. However, the constant accumulation of LC3B-II is independent of the level of autophagy because fluorescence microscopy of cells transfected with green fluorescent protein (GFP)-LC3 and then infected with HCMV showed a clear decrease in the number of GFP-LC3-positive puncta at 24 h p.i. [31] . McFarlane et al. [27] have also demonstrated that HCMV infection induces autophagy in MRC5 cells as early as 6 h p.i. and up to 24 h p.i. However, after 24 h, HCMV infection in fibroblasts inhibits autophagy by a mechanism dependent on the interaction between the HCMV TRS1 protein and the Beclin 1 protein [31] . The HCMV TRS1 protein is the functional homolog of HSV-1 ICP34.5 [31] . However, it has not yet been determined whether autophagy is regulated by MCMV infection, in RPE cells in particular, and if so, whether there is a functional interaction between autophagy and apoptosis. Therefore, the purpose of the studies presented herein was to investigate the autophagic and apoptotic responses of MCMV-infected RPE cells as well as the functional relationship between apoptosis and autophagy during MCMV infection of RPE cells.
METHODS

Virus propagation and virus titration:
The original stock of MCMV (K181 strain) was a generous gift from Dr. Edward S. Mocarski (Emory University). The study was approved by the Institutional Animal Care and Use Committee of Georgia Regents University. The virus was prepared from the salivary glands of MCMV-infected BALB/c mice as described previously [32] .
Stock virus was also prepared with low multiplicity of infection (MOI) passage in mouse embryonic fibroblasts (MEF) cells grown in Dulbecco's modified Eagle's medium (DMEM; Mediatech, Manassas, VA) containing 5% fetal bovine serum (FBS; Thermoscientific, Waltham, MA) and antibiotics. The titer of the virus stock was determined with a plaque assay on the MEF cells. Aliquots of stock virus were stored at −70 °C, and a fresh aliquot was thawed and diluted for each experiment.
Preparation of RPE cells:
After the neural retina was removed from C57BL/6 mice, intact sheets of RPE cells were peeled off the underlying basement (Bruch's) membrane and transferred into a sterile 60-mm culture dish containing 5 ml of fresh RPE culture medium and then briefly triturated using a fine point Pasteur pipette. The RPE culture medium was composed of 20% FBS, 1% P/S, 1.25% L-glutamine (Life Technologies, Grand Island, NY), 1% antibiotic-antimycotic solution (Fisher Scientific, Pittsburgh, PA), and 1% HEPES buffer solution (Life Technologies, Grand Island, NY) in DMEM/F-12 50/50 (Fisher Scientific, Pittsburgh, PA). RPE cells were collected by centrifugation at 200 ×g for 5 min, resuspended in RPE culture medium, and cultured in flasks at 37 °C with 5% CO 2 . Cells were cultured for 7 to 10 days until the cells were confluent; the cultures showed no contamination with fibroblasts or choroidal cells based on microscopic analysis of the cell morphology. The RPE cells of passage 2 were positive when stained with an antibody specific for the RPE specific antigen, RPE 65.
Green fluorescent protein-light chain 3 transfection:
The GFP-LC3 fusion plasmid was kindly provided by Dr. Zheng Dong (Georgia Regents University). RPE cells (2 × 10 5 ) were plated on a coverslip and cultured to 60% confluence. Transient transfection was performed with the X-tremeGENE HP DNA transfection reagent (Roche, Basel, Switzerland) according to the manufacturer's recommendation. After 4 h, the medium was replaced with DMEM/F-12 50/50 containing 10% FBS medium, and the cells were incubated for 24 h to 48 h. Then the cells were infected with MCMV at MOI = 1; the cells were fixed in 4% paraformaldehyde for 20 min at room temperature at different times p.i., and washed three times with DPBS (Mediatech Inc, Manassas, VA). Coverslips were mounted with 4',6-diamidino-2-phenylindole (DAPI) before being analyzed with an Axioplan 2 microscope (Zeiss, Göttingen, Germany). Images were analyzed with Axiovision Rel. 4.7 software.
Western blot analysis:
Proteins from uninfected, untreated cells, from MCMV-infected cells, and from rapamycin-(Selleckchem, Houston, TX) or chloroquine-(Sigma-Aldrich, St. Louis, MO) treated cells were extracted on ice with lysis buffer (Roche Diagnostics, Indianapolis, IN) supplemented with phosphatase inhibitor complex (EMD Millipore, Billerica, MA). Lysates were clarified at 13,000 × g for 10 min at 4 °C and size-fractionated with 10% or 6% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by electroblotting onto a polyvinylidene difluoride (PVDF) membrane (GE Healthcare, Pittsburgh, PA). After blocking with 5% nonfat dry milk for 1 h at room temperature, the membrane was incubated overnight at 4 °C with primary antibody (rabbit anti-LC3B, cat. no. 3868; rabbit anti-cleaved caspase-3, cat. no. 9664; rabbit anti-mammalian target of rapamycin (mTOR), cat. no. 2972; rabbit antiphospho-mTOR, cat. no. 2971; rabbit anti-p70S6K, cat. no. 2708; and rabbit anti-phospho-p70S6K, cat. no. 9234; Cell Signaling, Danvers, MA). The next day, the horseradish peroxidase (HRP)-conjugated secondary antibody was bound for 1 h at room temperature. The immune complex was visualized using a chemiluminescence detection system (Thermo Scientific, Waltham, MA) and exposure to X-ray film. The membrane was stained for β-actin to verify equal loading among the lanes. Each experiment was repeated at least once, and most were repeated three times. The density of each band was analyzed using ImageJ software.
Electron microscopy: Mock-infected or MCMV-infected RPE cells were treated with typsin for 5 min at 37 °C and centrifuged at 200 ×g for 5 min. After the supernatant was removed, the cell pellets were fixed in 2% glutaraldehyde in 0.1 M sodium cacodylate (NaCac) buffer, pH 7.4, postfixed in 2% osmium tetroxide in NaCac, stained en bloc with 2% uranyl acetate, dehydrated in a graded ethanol series, and embedded in Epon-Araldite resin. Thin sections were made using a diamond knife on a Leica EM UC6 ultramicrotome (Leica Microsystems, Wetzlar, Germany), collected on copper grids, and stained with uranyl acetate and lead citrate. Cells were observed under a JEM 1230 transmission electron microscope (JEOL USA, Peabody, MA) at 110 kV and imaged with an UltraScan 4000 CCD camera and First Light Digital Camera Controller (Gatan, Pleasanton, CA). Autophagic vacuoles were counted in individual cells from multiple fields and nonserial sections. Autophagic vacuoles were quantified by counting the number of autophagic vacuoles per cell.
Statistical analysis:
Protein expression was measured with densitometry using ImageJ software and normalized to β-actin. Data are expressed as mean ± standard error of mean (SEM) reflecting the results of three independent experiments and were compared with the two-tailed Student t test or ANOVA using the GraphPad Prism 5 Analysis tool. A p value of p<0.05 was considered significant [33] .
RESULTS
Autophagic flux during murine cytomegalovirus infection of RPE cells:
A commonly used biochemical marker of autophagy is lipidation of LC3B-I in the membrane of the autophagosome that leads to the formation of LC3B-II that migrates more rapidly in SDS-polyacrylamide gels than LC3B-I [34] . Serum deprivation (SD) and chloroquine (CQ) were used to modulate autophagy. Serum deprivation increases autophagy, which protects cells against apoptosis [35] . In contrast, chloroquine, a negative regulator of autophagy that localizes to acidic vesicles, impairs lysosomal acidification and suppresses protease activity, resulting in accumulation of autophagosomes, and consequently increases the expression of LC3B-II [36] . The results showed that the intensity of the characteristic faster-migrating form of LC3B (LC3B-II) was increased in uninfected RPE cells under serum-free conditions or following chloroquine treatment compared to normal untreated cells, suggesting that RPE cells are sensitive to negative and positive regulation of autophagy ( Figure 1A ,B).
RPE cells infected with MCMV at MOI = 1 were characterized by cytoplasmic stranding, cell rounding in a focal pattern, cell enlargement, cell fusion, and refraction, and some exhibited an irregular outline ( Figure 1C ).
Autophagic flux was assessed in the MCMV-infected RPE cells. RPE cells were mock-infected or infected with MCMV followed by treatment with chloroquine or ammonium chloride. Ammonium chloride, a commonly used negative regulator of autophagy, localizes to acidic vesicles and impairs lysosomal acidification and protease activity, resulting in impaired fusion of autophagosomes and lysosomes, and accumulation of autophagosomes [27, 37] Figure 2A ,B), suggesting that the increase in LC3B-II at this stage of infection reflects increased autophagic flux rather than impaired function of autolysosome formation or degradation. However, at or after 24 h p.i., chloroquine or ammonium chloride treatment did not have an additive increase in the LC3B-II level (compare lane 1 to lane 2 or lane 7 to lane 6 in Figure 2C -E), indicating that increased LC3B-II at this stage of infection does not represent increased autophagic flux, but instead might represent inhibition or blocking of autophagy activity at or after autolysosomes are formed.
The accumulation of autophagic vacuoles during the late stage of MCMV infection of RPE cells:
Since the autophagic flux results suggest that MCMV might inhibit autophagy activity during a later autophagy process such as formation of autolysosomes or degradation of their contents on or after 24 h p.i., we hypothesized that the number of autophagic vacuoles increased during the late stage of MCMV infection.
To confirm this hypothesis, the RPE cells were transfected with GFP-LC3 and then infected with MCMV. Then the GFP-LC3 positive puncta were counted under a fluorescent microscope. The results showed that the number of GFP-LC3 positive puncta increased significantly in MCMV-infected RPE cells compared to uninfected control cells at 24 h p.i. vesicles (immature and degradative) containing cytoplasmic components or degrading mitochondria [11, 38] , were observed in the RPE cells ( Figure 4B, panel b) . The vacuoles we observed were different from phagosomes, which were seen as electron-dense structures in the cytoplasm surrounded by a single membrane in an in vivo model [39] . In this model, the author observed that RPE cells have the ability to phagocytize retinal photoreceptor outer segments (ROS). However, in our in vitro RPE culture, most of the vacuoles we observed had double-membrane autophagic characteristics. We occasionally observed phagosomes in the cytoplasm of the RPE cells ( Figure 4B, panel d) .
Because we observed viral particles inside autophagic vacuoles ( Figure 4C ), autophagy herein is referred to as xenophagy, which involves recognition of an intracellular pathogen and targeting of the pathogen to autophagic machinery for degradation [40] . When the autophagic vacuoles were counted, RPE cells infected with MCMV had more autophagic vacuoles than were observed in normal uninfected RPE cells ( Figure 4D ). These results suggest that during the late stage of infection, MCMV induces the accumulation of autophagic vacuoles in RPE cells. These results also support the idea that the decrease in autophagy during the late stage of MCMV infection is not because of the blockade in the initiation of autophagosome but because of the blockade in the late step of the autophagy process.
Rapamycin induces autophagy and decreases apoptosis during MCMV infection:
Virus infection induces cell death through the caspase 3-dependent pathway [41, 42] . Since recent reports suggest that autophagy may be an adaption to avoid cell death [29, 43] , we hypothesized that increased autophagy in infected cells might contribute to inhibition of apoptosis. To test whether there is a functional relationship between autophagy and apoptosis during MCMV infection, the RPE cells were infected with MCMV and were cultured in medium containing rapamycin, which positively regulates autophagy through inhibition of mTOR. mTOR is the mammalian target of rapamycin and an important protein kinase that regulates cellular functions, such as cell growth, cell proliferation, protein synthesis, and transcription [44] . One way to regulate autophagy is by mTOR signaling through phosphorylation of its downstream target, P70S6K [45] [46] [47] [48] . mTOR inhibits the initiation of the phagophore [49, 50] , which blocks the early step of autophagy leading to decreased formation of autophagosome and expression of LC3B-II.
First, we wanted to know whether autophagy can be regulated by rapamycin during MCMV infection of RPE cells. Decreased ratios of phosphorylated mTOR and total mTOR, phosphorylated P70S6K, and total P70S6K in rapamycin-treated, infected RPE cells ( Figure 5A ,B, lane 4) were observed compared to infected, untreated RPE cells ( Figure 5A ,B, lane 3), suggesting that rapamycin treatment inhibits mTOR activity during MCMV infection of RPE cells. Moreover, rapamycin treatment increased the LC3B-II levels in the virus-infected cells ( Figure 5A ,B, lane 4) compared to the infected, untreated cells ( Figure 5A,B, lane 3) . Taken together, these results suggest that regulation of autophagy by rapamycin during MCMV infection occurs through the inhibition of mTOR.
We also observed that MCMV infection increased the ratios of phosphorylated P70S6K and total P70S6K ( Figure  5A ,B, lane 3) compared to the normal control ( Figure 5A ,B, lane 1), although the ratios of phosphorylated mTOR and total mTOR remained unchanged ( Figure 5A,B, lanes 1 and 3) . These results suggest that MCMV infection activates mTOR signaling in RPE cells.
Next, we investigated the effect of rapamycin treatment on caspase 3-dependent apoptosis during the MCMV infection of the RPE cells. The MCMV infection in the To further explore whether activation of autophagy by rapamycin during MCMV infection is cytoprotective, the number of viable cells in a cell suspension infected with MCMV and treated with a non-toxic dose of rapamycin was determined with a trypan blue exclusion assay. Not surprisingly, the number of viable cells decreased in the MCMVinfected samples compared with the uninfected controls ( Figure 6E) . Moreover, the percentage of viable cells in the MCMV-infected, rapamycin-treated samples increased compared to that of the infected, untreated samples ( Figure   6E ). Taken together, these results suggest that activation of autophagy by rapamycin through blocking mTOR plays a role in protecting cells from apoptosis during MCMV infection.
Chloroquine blocks autophagy and increases apoptosis during MCMV infection:
To further confirm the functional relationship between autophagy and apoptosis, cells were infected with MCMV and treated with chloroquine, which blocks the late step of autophagy and, consequently, results in increased levels of LC3B-II. Chloroquine-treated infected cells had increased expression of cleaved caspase 3 ( Figure  7A , lanes 4 and 7) compared to infected RPE cells not treated with chloroquine ( Figure 7A, lanes 3 and 6) suggesting that chloroquine treatment inhibits autophagy but increases apoptosis during MCMV infection of RPE cells. The trypan blue exclusion assay revealed that more than 80% cells were viable in the chloroquine-treated cells and the control cells. After MCMV infection, similar percentages of viable cells were observed in the chloroquine-treated cells and the control cells ( Figure 7C ). These results provide additional support for the idea that there is a functional relationship between autophagy and apoptosis and that this relationship plays an important role during MCMV infection of RPE cells.
DISCUSSION
In this study, we first demonstrated that MCMV infection of RPE cells induces autophagy during the early stage of infection. MCMV is a double-stranded DNA virus, and a broad spectrum of DNA viruses induces de novo formation and subsequent accumulation of autophagy-related vesicles [28] . Our results showing decreased autophagic flux plus increased expression of LC3B and an increased number of autophagic vacuoles suggest that during the late stage of MCMV infection, a late step of autophagy is inhibited. Previous studies have shown the induction of autophagy in human fibroblasts during the early stage of HCMV infection [27] ; however, the inhibition of autophagy in HCMV-infected MRC5 fibroblasts during the late stage of infection is through the interaction between HCMV protein TRS1 and Beclin 1 [1, 31] , which blocks the early step of the autophagy process.
The possible reasons why the inhibition of autophagy during the late stage of MCMV infection is through the blockade of the late step of the autophagy process are as follows. First, the viral protein may interfere with the fusion of the autophagosome with the lysosome. For example, the matrix 2 protein of influenza A virus blocks the fusion of the autophagosome with the lysosome, resulting in accumulation of autophagosomes [51] . Second, enhanced virus replication and egress may inhibit the degradation of autolysosomes [52] . In vitro [53] and in vivo [54] studies have demonstrated that coxsackievirus B3 (CVB3) induces autophagic signaling to promote virus replication but prevents autophagic degradation [55] . Third, use of different cell types (RPE versus MRC5) and different viruses (MCMV versus HCMV) may contribute to apparent disparities between publications.
We observed activation of mTOR and the accumulation of autophagic vacuoles. mTOR has been reported to interfere with initiation of the phagophore [49, 50] to block formation of the autophagosome, which leads to decreased expression of LC3B and a decreased number of autophagic vacuoles. Thus, even though MCMV infection activates mTOR signaling, activation of mTOR does not inhibit autophagy, or, perhaps, inhibition of autophagy by mTOR activation is impaired during MCMV infection since our results showed that MCMV inhibited autophagy after the autophagosome was formed. MCMV may use activation of mTOR to promote cell viability because during MCMV infection the cells are not likely to divide [56] .
RPE cells are important in maintaining vision through the phagocytic function. The burst of RPE phagocytosis in the early morning rapidly clears ROS from the retina [57] . Using knockout mice with Atg5-deficient RPE cells, Kim et al. [39] observed that phagocytosis of the RPE coincided with the conversion of autophagy protein LC3B-I to its lipidated form, LC3B-II, and that the phagosomes had only a single membrane. In our in vitro RPE culture, most of the vacuoles we observed had the double membranes characteristic of autophagy. We occasionally observed phagosomes in the cytoplasm of RPE cells, perhaps because phagocytosis does not participate in clearing virus in intro. In addition, several passages of murine RPE cells might alter their phagocytotic functions, since a previous report showed that passage 4 human-induced pluripotent stem RPE (hiPSC-RPE) cells failed to form monolayers and possessed altered morphological and functional characteristics and gene expression levels [58] .
As an important mechanism of host defense after viral infection, apoptosis is always considered to limit viral replication. However, even large and slowly replicating viruses may cause persistent infections. To ensure survival, these viruses have evolved mechanisms to keep infected cells alive by expressing cell death suppressors such as Bcl-2 and Bcl-x L [59] . These viruses, for example, MCMV, depend on the expression of cell death suppressors for effective replication and pathogenesis. Recently, MCMV genes m36 (gene ID AM237574.1) [60] , m45 (gene ID DQ978788.1) [61] , m38.5 (gene ID AM237292.1) [62] , and m41.1 (gene ID FJ477245.1) [63] have been reported to encode cell death suppressors. When these genes are disrupted, the endogenous cellular defenses are ineffective, particularly during infections in the mouse. Although cytomegalovirus has the ability to block apoptosis to the benefit of viral replication [59] [60] [61] [62] [63] , other data suggest that CMV may also activate apoptosis pathways resulting in the death of infected cells [64, 65] . Recent studies have shown that autophagy and apoptosis are closely linked [30] . Depending on the conditions within the cell, autophagy can either be an adaptation to avoid apoptosis or may eventually lead to autophagic cell death. Autophagy may therefore be another mechanism for protecting cells from apoptosis since evidence from in vitro and in vivo studies has shown that autophagy limits caspase-dependent cell death and mortality after virus infection, including chikungunya (CHKV) virus [66] , dengue virus [67] , and CVB3 [68] .
The results of the studies reported herein support the idea that there is cross talk between autophagy and apoptosis during MCMV infection of RPE cells. MCMV induces apoptosis. However, autophagy induced by rapamycin precluded apoptosis. Several mechanisms may explain why autophagy limits apoptotic cell death. One possible mechanism is that the degradation of protein aggregates and the sequestration of damaged mitochondria resulting from viral infection may delay induction of apoptosis by preventing released cytochrome c from forming a functional apoptosome [69] . Another possible mechanism is that the Atg3 protein complex releases Bcl-2 and Fas-associated death domain-like interleukin-1beta-converting enzyme (FLICE)-like inhibitory protein (FLIP) to block apoptotic pathways [30, 69] . Our studies herein showed that caspase 3-dependent apoptosis is induced during RPE cell infection. Whether inhibition of autophagy by MCMV during the late stage of infection constitutes one mechanism of MCMV-induced apoptosis remains to be elucidated. In summary, these studies provide evidence for the early induction of autophagy as well as for the late inhibition of autophagy and support the idea of a functional relationship between autophagy and apoptosis during MCMV infection of RPE cells. 
